The effective surface heat transfer coefficients during air blast freezing of plastic polyethylene packages containing fruit pulp models conditioned inside multi layer boxes were evaluated under conditions encountered in commercial practice. The results were presented as dimensionless correlations based on hydraulic diameter of the rectangular ducts. The effects on the surface heat transfer coefficient of the air temperature, air velocity, transducer position inside the boxes and box position in the pillage on the surface were analyzed. The results show: the effect of air-cooling temperature on the surface heat transfer is negligible in the range encountered in blast freezing practice. The effective surface heat transfer coefficients predicted by the non-dimensional correlations based on hydraulic diameter was successfully used to represent the bed irregularities, mainly in arrays of 5 and 3 layers. The effective surface heat transfer coefficients varied according to the position between the top and the bottom of the boxes and was influenced by the number of layers in the arrays.
INTRODUCTION
The global heat transfer coefficient between the surface of the product and the cooling air is an important parameter in the studies of the freezing time of foodstuffs. In systems in which the means of transference is cold air, as in the air blast freezers, one of the factors that control the freezing rate is the convective heat coefficient (Chavarria and Heldman, 1984) .
In normal conditions, the heat transfer coefficients vary with the temperature, air humidity and mainly with the air velocity. In the freezing of particulate systems (fixed or fluidized bed), the heat transfer coefficients still depend on the bed porosity and air flow properties.
In accordance with Kondjoyan and Daudin (1997) , convective heat transfer must be distinguished from effective heat transfer coefficient. Beyond the heat transferred by convection, the last includes the heat transferred by conduction between the bodies in contact, radiation or by phase change, when this occurs.
Few experimental values of convective heat transfer coefficients had been obtained in the last years and frequently are related to a type of specific operation. The values of the coefficients supplied in the literature of engineering in the form of dimensionless numbers such as Nusselt in function of the Reynolds number for slab, cylinder or sphere are rarely used in models because they take the calculated values different of the experimental results (Kondjoyan et al., 1993) . A great range of magnitudes for superficial heat transfer coefficients (" h ") were related. Nicolaï and De Baedemaeker (1996) , cited typical values of 300 W/m 2o C obtained during the hydrocooling of fruits and vegetables while in the cooling with forced air, " h " can vary between 8 and 68 W/m 2o C. Information involving values of " h " for the food surfaces with regular shapes meet available in literature (Arce and Sweat, 1980; Lind, 1988; Cleland, 1990; LeBlanc et al., 1990 a,b; Kondjoyan and Daudin, 1993; Cleland et all., 1994; Salvadori et al., 1996) .
Values of " h " associates to the different geometric shapes, surfaces and arrays of the package spaces have not been determined. The determination of the heat transfer coefficients around of foodstuffs still has been a restricted topic to the processing specific conditions. For the freezing of foodstuffs in boxes, literature values have shown that the surface heat transfer coefficients vary when the measure is made in different locations along of the product layers inside of the boxes. Thus, values of the coefficients are different between the superior and inferior layers of product in the box and, therefore, studies that ignore these variations must be Engenharia Térmica, nº 3, 2003 p. 11-18 dealt with sufficient care (Pham and Willix, 1985; Mannaperuma et al., 1994 a,b) . In this work the objectives were: 1) To develop a methodology for the estimate of the effective heat transfer coefficients (h effective ) applicable to the fruit pulp freezing packed in polyethylene bags (100g) and conditioned in boxes, examining the behavior of the temperature distribution, of the variables in the unsteady state, evaluating it in the thermal center with a metallic transducer. 2) To characterize the process through the determination of the effective heat transfer coefficients in a air blast freezer with horizontal air flow. 3) To quantify the effective heat transfer coefficients, taking in account the location between the product layers packed inside of the boxes.
METHODS AND MATERIALS 1 Construction of the metallic transducer for the h effective determination
Transducer consists of an aluminum slab with the same dimensions of the samples in which was made five holes where had been inserted thermocouples type T (cooper-constantan, diameter 32 AWG). The empty spaces around of the thermocouples inside of the slab were filled with thermal paste to prevent the formation of air bags inside of the transducer. The build up (transducer + thermocouples) was located in the boxes containing the samples in pre-established locations for to quantify the effective heat transfer coefficients values and its variations along of the different positions (inferior and superior layers) in the product layers in the boxes pillage. To assure the unidirectional heat flux, the transducer was coated with expanded polystyrene thermal insulator (Fig. 1) . To each experimental assay the position of the transducer was varied inside of each box of the piling up, with arrays of 3, 5 and 7 product layers.
2. Product freezing process 2.1. Elaboration of the samples before the freezing process
The samples were constituted of composite solutions model by 0.5% (weight/volume of H2O) of Kcarrageenan (DANISCO) and 10% (weight/volume H2O) of sucrose, packed in polyethylene bags of 100 grams. Previously to the freezing process, to create a appreciable difference between transducer temperatures and the cooling air temperature in the freezing chamber and to assure a uniformity and thermal homogeneity of the samples initial temperatures in the boxes, these were immersed in a tank with agitation with continuous water stream with constant temperature (26 o C) proceeding from the refrigeration system by a period of 3 hours. Quickly, the samples were organized in arrays of 7, 5 or 3 layers in the boxes, and, the transducer was located between the samples and the boxes lead for the freezing chamber.
Freezing of the product
After to reach the stabilization of the equipment in the operating temperature, three boxes containing the samples and the transducer, were piled up in the freezing chamber. To prevent the formation of preferential channels, expanded polystyrene boards were placed in the lateral sections of the boxes making with that all the air flow in the chamber pass among the empty spaces of the boxes contends the product. The temperature monitoring of the transdu-cer was performed in 1 minute intervals.
Measures of the air velocity
The measures of the air velocity were made by a hot wire anemometer (TSI, the USA, Model 8330-M) with readings in all the section of the chamber in each assay. The air flow rate in each run was obtained by numerical integration of the air velocities distributions (Resende, 2001) 
Calculation of the heat transfer coefficients
Calculations of the heat transfer coefficients were made after the attainment of the cooling curves of the metallic transducer. The angular coefficients (S 2 ) of the linear regression of ln[(T m -T air )/(T i -T air )] versus t were calculated and used in the Eq. (1) to find the effective heat transfer coefficients. T m is obtained by the average values from the readings of the five thermocouples located inside of the metallic transducer and T i is the initial temperature of the aluminum slab.
where V is the volume of the transducer (m 3 ), A is the superficial area of the transducer (m 2 ), ρ Al is the density of aluminum (kg/m 3 ) and Cp Al is the specific heat of aluminum (J/kg K). The values of V, Cp Al and ρ Al for the aluminum transducer used for the calculation of the effective coefficient are presented in Table 2 . Table 2 Geometric parameters and thermophysical properties of the aluminum transducer used for the determination of the effective heat transfer coefficient.
Dimensionless correlations for determination of the effective heat transfer coefficients
The metallic transducer inside of the box was placed in the central location and in the superior and inferior positions of product layers arrays. In these positions, the aluminum slab can be considered as part of the wall of a rectangular duct of sides "a", "b" and length "c" (Fig. 2) .
Dimension " b " is evaluated by the difference between the box height (D3) (Fig.2) and the bed height, and is established by the layers number of the product packages arrays inside of the boxes. The considered rectangular ducts, understood the empty spaces between the product layers arrays inside of each box and the inferior side (deep) of the box located immediately above in the pillage, where air was forced to pass (preferential channels). The air velocity (v), passing through these channels, was approached through the relation between the air flow rate and the available area for the air flow (A E ) as the expression:
These approaches were used for the attainment of correlations Nusselt versus Reynolds from the experimental values of the effective heat transfer coefficients of the previous section (5) and the numbers Reynolds (Re DH ) and Nusselt (Nu DH ) were calculated from the hydraulic diameter (D H ) by the following relations (Reinick and Schwartzberg, 1985) . 
, where h 2(eq) is the value obtained from the Eq. (3) or (4) and L ' is the duct length.
For a rectangular duct of sides, b; the hydraulic radius (R H ) and the hydraulic diameter (D H ) of a channel are given by the following equations (Perry and Green, 1984) :
where the dimensions a and the b are those presented in Fig. 2 .
Considering the dimensions of the samples presented in Table 3 , the hydraulic diameter of the considered rectangular ducts had been obtained for experiments with 7, 5 and 3 layers of products (Table 3) . Table 3 . Parameters used for calculation of hydraulic diameter.
RESULTS AND DISCUSSION

Curves of cooling
Five curves time-temperatures were obtained in each freezing experiments, one for each thermocouples located in the different positions inside of the metallic transducer. Figure 3 shows the dimensionless temperatures obtained from the readings of the thermocouples in the transducer. The small Biot value characteristic of the transducer represents the case in which the internal resistance is very small e exists bigger capacity to the heat transfer by conduction of that by convection. In this case, the convection is the phenomenon that restricts the heat transference and the temperature gradients in the metallic transducer are sufficiently small as observed in Fig. 3 . A high degree of uniformity of the aluminum slab is observed, by the small variation of the temperature for thermocouples located in different positions of the transducer. Therefore the average temperature (T m ), can be substituted by only one temperature probe located in the transducer center. The graph of Fig. 4 shows the cooling curves of the transducer, when located in the superior layer of the array with the exposed surface in direct contact with the fluid in movement, and, in the inferior layer of the array with the heat transfer surface in contact with the deep of the box. The deep of the box is composite of a plastic material with holes that reduce the exposition area necessary for the heat transfer and limits the direct contact of the surface of the metallic transducer with the cooling air. It is observed in Fig. 4 that the boundary conditions are asymmetrical when is made an analysis of the cooling curves in individual boxes, and this effect is produced by the resistance that the material of the deep of the box offers to the heat transfer differentiating the temperature profiles of the inferior and superior layers. These were made from the data of cooling during the period where the air temperature and thermal conductivity of the samples in the boxes were practically kept constant.
The values of the effective heat transfer coefficients obtained for all experimental assays from the metallic transducer located in the inferior and superior layers of the product arrays inside of the boxes are presented in Tab 4.
Experimental Nusselt numbers and analysis of the results and correlations
Parameters involving the position of the metallic transducer in the product layers arrays in the boxes (P<0,01), the number of layers in the arrays (P<0,05) and the position of the box in the piling up (P<0,01) and some interactions between these factors exert a significant influence on the values of the coefficients heat transfer coefficients obtained from the experiments, as observed in Tab. 5. Table 5 presents the variance analysis of the values of the experimental effective heat transfer coefficients presented in Tab. 4 for the main factors considered in the experimental planning. Table 5 show that the air temperature does not exert a significant influence on the values obtained experimentally for the effective heat transfer coefficients. These results allow to restrict the influence of the temperature, to unify the correlations and to emphasize the dependence of this correlation of the air velocity and of the different type of experimental configurations. Therefore, the calculated values of h effective (Table 4) were adjusted for the attainment of the dimensionless Eq. (7) and (8) 
Effect on the location of the metallic transducer in the boxes
For analysis of the experimental results must be considered: a) the boxes individually, a great difference in the boundary conditions was observed; b) locations of the boxes in upper positions of the piling up (box 2 and box 3) that present similar or compatible experimental conditions (velocities and air temperatures); c) the box of the base of the piling up (box 1) that meets supported on a expanded polystyrene board that hindering the contact of the box with the current of cooling air acts as thermal insulator, reducing drastically the " heat transfer coefficients" in deep of the boxes to the values that are typical of the natural convection.
Analyzing the effective heat transfer coefficients in the positions inferior and superior of an individual box, also is observed a great difference with the biggest values when the transducer was located in the superior layer of the array of the layers in direct contact with the airflow. The graph of Fig. 7 shows the percentile differences (∆%) relative between the values of the heat transfer coefficients obtained from the transducer located in the superior and inferior layers of the box for the different configurations. (7) and (8) for experiments with the transducer located in the superior and inferior layers of the product arrays inside of the boxes. 
Effect of the air temperature
Temperature affects the air thermophysical properties that affect the dimensionless numbers Re, Pr and Nu. When it is made data analyzes of the Tab. 5 constructed from experimental values, can be stated that the temperature of cooling air did not influence significantly the values of the effective heat transfer coefficients. This comment is the same of Mannaperuma et al. (1994b) . The justification is that the temperature range found during the food freezing with forced air is very narrow and the effect of the temperature on the heat transfer coefficient by means of the changes of the air properties is very small. Therefore, the average values ( %) (Eq. 9) of the difference between the values of Nusselt calculated by the equations based on the hydraulic diameter (Reinick and Schwartzberg, 1985) and the experimental values for the three configurations types can be reevaluated and are shown in Fig. 8 . Figure 8 . Difference between the values of Nusselt calculated from the Eqs. (7) and (8) and the values obtained from experimental results for the transducer located in the superior and inferior layers not considering the temperature effect.
In the average, the values obtained from correlations based on the hydraulic diameter for these configurations were those that supplied the best results when compared with experimental results obtained from measures using the metallic transducer mainly for assays with 5 and 3 layers and transducer located in the superior layers of the arrays. For these arrays, the use of the correlations resulted in values with a average percentile difference 9,1% lower when compared with the experimental results. For the transducer located in inferior layers of the arrays of 7 layers this difference becomes sharper, above of 100%. 
CONCLUSIONS
In Configurations containing different arrays of product layers, the effective heat transfer coefficients vary in different positions between the superior and inferior layers of arrays in the boxes. The relative percentile variation between the evaluated values in these positions was of 10 to 70% depending on the experimental configuration, being the biggest variation observed for arrays with 5 layers of product and the minors for arrays of 7 layers. These values had been justified in terms of the free area for the airflow in the different configurations and of the contact of the cooling air stream with the metallic transducer used in the measures.
Analyses experimental and theoretical of the effect of the cooling air temperature indicate that these do not exert significant influences on the values of the effective heat transfer coefficients in the range of described conditions by the experimental planning.
The developed correlations are based on the hydraulic diameter of rectangular ducts existing between the boxes and are appropriate for arrays of 3 and 5 layers where the rectangular ducts existing between the boxes of the piling up and available air flow area are defined. For these configurations, the percentile average differences was around 9.11% when the values were compared with the experimental results for the transducer located in the superior position of the layers arrays and 34% when located in the inferior position. Arrays of 7 layers had presented a great difference (above of 100%) between the experimental and predicted values. This configuration is an extreme situation, with excess of product amount offering great resistance to the air pass by the product and making difficult the definition of the cooling airflow conditions. This configuration is not recommended and it is not applied in the practical with commercial air blast freezers.
